Isolated subcomplexes of photosystem II from spinach (CP47RC), composed of D1, D2, cytochrome b 559, CP47, and a number of hydrophobic small subunits but devoid of CP43 and the extrinsic proteins of the oxygen-evolving complex, were shown to reconstitute the Mn 4Ca1Clx cluster of the water-splitting system and to evolve oxygen. The photoactivation process in CP47RC dimers proceeds by the same two-step mechanism as observed in PSII membranes and exhibits the same stoichiometry for Mn 2؉ , but with a 10-fold lower affinity for Ca 2؉ and an increased susceptibility to photodamage. After the lower Ca 2؉ affinity and the 10-fold smaller absorption cross-section for photons in CP47 dimers is taken into account, the intrinsic rate constant for the ratelimiting calcium-dependent dark step is indistinguishable for the two systems. The monomeric form of CP47RC also showed capacity to photoactivate and catalyze water oxidation, but with lower activity than the dimeric form and increased susceptibility to photodamage. After optimization of the various parameters affecting the photoactivation process in dimeric CP47RC subcores, 18% of the complexes were functionally reconstituted and the quantum efficiency for oxygen production by reactivated centers approached 96% of that observed for reconstituted photosystem II-enriched membranes. G reen plants, algae, and cyanobacteria are unique in their ability to catalyze the oxidation of water to molecular oxygen by using light energy. This process is carried out by photosystem II (PSII), a protein complex embedded in the thylakoid membrane. It consists of more than 25 different subunits, binds a large number of pigments, and contains a photochemical reaction center for light-driven charge separation (see recent reviews in refs. 1-5). In this paper we show that oxygen evolution is possible from a subcomplex composed of a small number of these subunits after reconstituting the catalytic inorganic center.
G
reen plants, algae, and cyanobacteria are unique in their ability to catalyze the oxidation of water to molecular oxygen by using light energy. This process is carried out by photosystem II (PSII), a protein complex embedded in the thylakoid membrane. It consists of more than 25 different subunits, binds a large number of pigments, and contains a photochemical reaction center for light-driven charge separation (see recent reviews in refs. [1] [2] [3] [4] [5] . In this paper we show that oxygen evolution is possible from a subcomplex composed of a small number of these subunits after reconstituting the catalytic inorganic center.
The innermost part of PSII consists of the reaction center (RC), which, when isolated, is composed of the D1 and D2 proteins, where the primary charge separation occurs, the psbI gene product, and the ␣-and ␤-subunits of cytochrome b 559 (6) . Closely associated with the RC are the chlorophyll-and ␤-carotene-binding ''inner antenna'' proteins CP43 and CP47 and a range of small, hydrophobic polypeptides, which, together, comprise the PSII core complex. Several of these subunits have been proposed to contain residues essential for water oxidation.
Water oxidation occurs at a catalytic site containing a tetramanganese cluster, one calcium ion, and an indeterminate number of chloride ions in association with tyrosyl residue Tyr161 (Y Z ) located in the D1 protein. Evidence to date indicates that the majority of ligands binding the manganese cluster are located in the D1 protein (7) (8) (9) (10) . The oxidized tyrosyl radical Y Z⅐ is reduced by electrons from the manganese cluster after being oxidized by the light-driven charge separation. This charge separation involves the oxidation of the primary electron donor P680 and reduction of the tightly bound plastoquinone acceptor, Q A . The D1͞D2-heterodimer is bordered by the CP47 and CP43 inner antenna proteins, which have extremely large luminal loops that also could play a role in stabilizing the Mn 4 Ca 1 Cl x Y z site (11, 12) . Despite all efforts, the exact spatial location and detailed geometry of the four manganese atoms remain controversial. The several models proposed have been reviewed (13) (14) (15) . In eukaryotic organisms the Mn 4 Ca 1 Cl x Y z site is protected from inadvertent reduction by diffusable components located in the thylakoid lumen by three extrinsic proteins with molecular masses of 33 kDa, 23 kDa, and 17 kDa (16) . These proteins along with CP47͞CP43 also appear to function in concentrating the levels of Cl at the catalytic site of water oxidation (1, 11) .
One of the most astonishing features is the way the manganese cluster self-assembles. Unlike other inorganic metal clusters observed in nature that undergo spontaneous self-assembly or require accessory, chaperonin-like proteins for proper formation, the tetramanganese cluster is assembled by a light-driven reaction called photoactivation (17) . This photoactivation requires weak light, Mn 2ϩ , Ca 2ϩ , and Cl Ϫ (18, 19) . The assembly of the Mn cluster in PSII-enriched membranes was found to be minimally a two-step process requiring an essential dark process in between light-dependent steps (19, 20) . In a recent extension of this approach, the first two kinetic steps in the photoactivation process were resolved as summarized in Scheme 1 (21) (22) (23) (24) occurs via a cooperative process that has not been resolved kinetically (19, 20, 25) .
All of the photoactivation studies reported to date have been performed by using PSII cores (26) , PSII membranes (19, 20) , or larger, native-like preparation (18, 27, 28) . The possibility of oxygen evolution from smaller PSII subcore complexes has not been demonstrated previously, although Rögner et al. (29) had shown that a PSII complex can form within the photosynthetic membrane in a CP43 deletion mutant of Synechocystis that This paper was submitted directly (Track II) to the PNAS office.
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supported electron transfer between Y Z and the first plastoquinone acceptor, Q A , but not O 2 evolution. Their results suggested to us that it may be possible to photoactivate the CP47RC subcomplex in vitro.
Recently, a PSII subcore complex lacking CP43 and the three extrinsic proteins but containing CP47 as well as the reaction center (CP47RC) has been isolated in both monomeric and dimeric forms (30) , and their electron transport properties have been characterized (31) . In this work we show that the CP47RC dimers as well as the monomers can be photoactivated, i.e., reassembling the Mn 4 Ca 1 Cl x cluster and evolving oxygen with a high degree of conversion. This result opens up new discussions about the minimal structural unit required for oxygen evolution.
Materials and Methods
Isolation of CP47RC Complexes. CP47RC complexes were purified according to the method described in Zheleva et al. (30) : PSII-enriched membranes (32) were obtained from market spinach and frozen until use. To remove the extrinsic proteins, PSII-enriched membranes were washed in 0.2 M Tris, pH 9. Samples were solubilized by using 2.7% heptyl-glucopyranoside and 1% ␤-dodecyl maltoside and loaded on an anion-exchange column (DEAE Toyopearl 650S, TSK) by using 50 mM Tris, pH 7.3, as buffer and only ␤-dodecyl maltoside as detergent. After intensive washing to remove all light-harvesting proteins and CP43, crude CP47RC complexes were eluted. Further separation into CP47RC monomers and dimers was carried out by sucrose density centrifugation. Samples were concentrated, frozen in liquid nitrogen, and stored at Ϫ80°C until use.
Characterization of the CP47RC Complexes Used for Photoactivation.
The CP47RC preparations were checked for their purity by recording their absorption spectra, protein composition, and aggregation state (monomeric or dimeric). Absorption spectra and SDS͞PAGE were carried out as described in Zheleva et al. (30) . The aggregation state was confirmed by using sizeexclusion HPLC (30) . To test for any contamination by core complexes as judged by the presence of CP43, monomers as well as dimers were run on a SDS-polyacrylamide gel and Western blots were performed by using a spinach CP43 antibody and visualized by luciferase assay (enhanced chemiluminescence; Amersham Pharmacia). To quantify the contamination, a dilution series of CP43 purified according to Büchel et al. (33) was blotted in parallel. The CP43 antibody was a kind gift from Roberto Barbato, Padova. By loading CP47RC complexes in the nanomolar and CP43 in the picomolar range, no CP43 contamination could be found in the case of the monomers. In the case of the dimers, a very low level of CP43 was detected, estimated from the serial dilutions to be 3.75 pmol CP43 in 1.3 nmol CP47RC dimer complexes, i.e., 0.3% contamination (Fig. 1) .
Fluorescence yield changes under continuous illumination (F v ) in comparison with the constant fluorescence (F o ) induced by the nonactinic measuring beam alone were used to check for photoreducible Q A according to Bianchetti et al. (31) . As described earlier, the dimers showed variable fluorescence because of their Q A content, whereas the monomers were free of any photoreducible quinone.
Photoactivation and Oxygen Yield Measurements. Photoactivation and amperometric detection of oxygen on a membrane-coated electrode were performed directly by using a home-built microcell (volume 5 l) at 25°C as described earlier (21, 22) . The current signal was amplified in a two-stage band-pass-filtered amplifier (0.3-3.0 Hz), yielding a sensitivity of 50 fmol O 2 at a time constant of 0.1 s. Signals were either recorded directly or sent via an analogue-to-digital converter (WINDAQ) to a computer. Illumination of the samples on the membrane͞ electrode was carried out by using an ultrabright LED with a wavelength maximum of 660 nm and a peak intensity of 800 mW͞cm 2 (HLMP-8102; Hewlett Packard), providing illumination times in the range from 1 ms to continuous illumination. Illumination and data acquisition were controlled by a computer program (LABVIEW) that allows different flash lengths and dark times (t dark ) between the flashes. The light regime in the different experiments is given in the text or the figure legends.
For each photoactivation experiment, CP47RC complexes were used at a concentration equivalent to 10 M RCs, based on the known chlorophyll content taking into account 21 or 19 chlorophyll (Chl)͞2 pheophytin as estimated by reversed-phase HPLC for dimers and monomers, respectively (30) . The final concentration of the sample buffer was 50 mM Mes, pH 6.0͞25 mM NaCl͞0.3 M sucrose. All measurements were carried out by using 0.8 mM K 3 Fe(CN) 6 (ferricyanide) as an electron acceptor. Ferricyanide, MnCl 2 , and CaCl 2 at the concentrations given in the text or figure legends were added 10 min before illumination began during an initial dark incubation. For comparison of the maximal oxygen evolution capacity, PSII-enriched membranes were depleted in manganese and calcium by treatment with 25 mM chelator tetrapropionato-1,3-di(amino-methyl)benzene as described previously (21, 22) and photoactivated by using optimal salt, light, and acceptor conditions. This procedure photoactivates Ͼ99% of all centers (21) . These treated PSII membranes are also depleted of the extrinsic proteins and are referred to as apo-WOC-PSII membranes in this paper. , and an electron acceptor to assemble an active Mn 4 Ca 1 Cl x cluster that produced oxygen under illumination. Fig. 1A shows a typical trace of reconstituted, flash-induced oxygen evolution recorded by using CP47RC dimers at a concentration of 10 M RCs, 40 M MnCl 2 , and 80 mM CaCl 2 with a 3-s dark interval (t dark ) between the light flashes. It was essential to use a programmed light-pulse sequence with low initial light flux; the first flash had a duration of 5 ms and each subsequent flash was lengthened 0.5 ms longer so that the duration of the final (400th) flash was 205 ms. If the flash duration or intensity was increased, the yield of oxygen per flash of photoactivated centers was reduced because of irreversible light-induced photoinhibition of the reaction center (data not shown). After 90 s of dark, the sample was subjected to a second illumination cycle of 400 flashes ( Fig. 2A , trace II) but with the flash length increased by 1 ms per flash to reach a higher quantum dose at the end of the run. As can be seen in Fig. 2 A (trace II), once activated, the complexes were able to use these higher light doses and increase the overall yield in oxygen production as compared with the first cycle of illumination. Oxygen production was strictly dependent on the concentrations of manganese and calcium, and the maximal oxygen evolution under the conditions used for the traces shown in Fig. 2 A was, on average, 5.3% of the oxygen yield of photoactivated apo-WOC-PSII membranes based on RC concentration. Although the CP47RC dimers were shown to contain some Q A (30), ferricyanide was not the optimal electron acceptor. This conclusion comes from using quinone derivatives as electron acceptors such as dichloro-benzoquinone (DCBQ) and PPBQ, which, although serving as better acceptors than ferricyanide, also are absorbed in the membrane of the oxygen electrode, giving rise to artificial signals upon illumination. It was found, however, by using a fresh membrane and 1 mM DCBQ together with 0.8 mM ferricyanide that the maximal oxygen yield of the CP47RC dimers could be increased further by 60%, giving an 8.5% yield compared with apo-WOC-PSII membranes (see Fig.  2B ). Also, the presence of DCBQ supplementing the ferricyanide allowed us to use a stronger illumination regime for photoactivation (first illumination cycle), which usually was applied only for the second cycle. In so doing, it produced an acceleration of photoactivation (as shown by the slope depicted in Fig. 2 A) and a 6-fold reduction of the lag time of oxygen production, i.e., the time between the first flash given and the onset of oxygen evolution, t lag (compare Fig. 2 A and B) . This result clearly demonstrates the limitations of the CP47RC complex on the acceptor side and has important consequences especially during the first series of light flashes when there is a high probability of photoinhibition occurring because of recombination reactions leading to P680 triplets and singlet oxygen production (34-37). Higher ferricyanide concentrations did not compensate for the quinone effect, and above 0.8 mM ferricyanide, the maximal yield of oxygen production actually was depressed (data not shown).
Results

CP47RC dimers devoid
Although the dimeric CP47RC complex was able to be photoactivated and produced significant amounts of oxygen, the photoactivation that occurred was much slower than in apo-WOC-PSII membranes over a range of Ca 2ϩ to RC stoichiometries, as depicted in Fig. 3A . For example, t lag was, on average, about 400 s for the CP47RC dimers and about 180 s for apo-WOC-PSII membranes under identical conditions as used for the experiment of Fig. 2 A. Moreover, CP47RC dimers exhibited a more rapid increase in the lag time with increasing calcium concentration compared with PSII membranes (Fig.   3A ). This effect is attributed to enhanced competition for binding of Ca 2ϩ at the high-affinity Mn 2ϩ -binding site, owing to poorer discrimination between these cations and, thereby, slowing the formation of IM 1. This competition is considerably weaker but nonetheless observable in apo-WOC-PSII membranes (23) .
As with PSII-enriched membranes, the maximal oxygen yield from CP47RC dimers after completion of photoactivation increased monotonically with Ca 2ϩ concentration approaching saturation at 120 mM of Ca 2ϩ in the reaction mixture (Fig. 3B) . This yields an apparent Michaelis constant (K M ) of 12-20 mM. These data are compared directly in Fig. 3B with the calcium requirement observed for photoactivation of apo-WOC-PSII membranes, which previously was found to exhibit a K M of 1.5 mM (23) . Fig. 4 shows the dependence on the manganese concentration of the lag time for photoactivation and oxygen yield after 400 flashes. The lag time decreased smoothly with increasing Mn 2ϩ concentration from about 770 s at 0.5 Mn 2ϩ ͞RC to 290 s at 12 Mn 2ϩ ͞RC, about 2-fold slower than PSII membranes (Fig. 4A ). This trend approaches that observed with apo-WOC-PSII mem- The t lag was estimated by using data from the first illumination cycle (see Fig.  2 A) , whereas the maximal oxygen evolution refers to the maximal yield at the end of a second illumination cycle. Data for apo-WOC-PSII membranes were taken from ref. 22. branes, where the shorter lag time exhibits a distinctly biphasic dependence on Mn 2ϩ concentration, with strong acceleration by the first 4 Mn 2ϩ and a much weaker acceleration by the next 8 Mn 2ϩ added to the solution (21) . The t lag data in Fig. 4A for PSII membranes were fitted to two first-order processes in Mn 2ϩ concentration (t lag ϭ a i [Mn͞RC] ϩ b i ; i ϭ 1, 2; lines I and II in Fig. 4A ). The X intercept for the initial first-order, Mn 2ϩ -dependent kinetic phase (line I-II in Fig. 4A ) is equal to 3.7, which corresponds to the minimal Mn 2ϩ ͞RC stoichiometry required for reactivation of O 2 evolution. In Scheme 1, this stoichiometry refers to one Mn 2ϩ in step k 1 (formation of IM 1 ) plus three kinetically unobserved Mn 2ϩ required in all subsequent steps (23) . The lag time data for CP47RC dimers did not fit so well to this biphasic model, owing to greater heterogeneity, but approximately the same Mn 2ϩ ͞RC stoichiometry appears to be required.
As shown in Fig. 4B by the presence of calcium during assembly of each active WOC.
Because the time for photoactivation was significantly slower for the CP47RC dimers than with PSII membranes, we determined the constant (k 2 , Scheme 1) for the rate-limiting step for the single-exponential process between IM 1 and IM 2 according to the minimal kinetic model of Zaltsman et al. (23) . Using the conditions described in Fig. 2 A to minimize the effect of photoinhibition and normalizing the oxygen yield to a constant flash length (by dividing the O 2 yield by the duration of the flash), k 2 was calculated to be 0.54 ϫ 10 Ϫ3 ͞s, about 10 times less than in PSII membranes. This apparent rate constant provides a direct comparison of the assembly efficiency of CP47RCs vs. PSII membranes under subsaturating illumination. To take account of the different probabilities for light absorption (crosssections), we further normalized k 2 by the Chl͞RC stoichiometries in CP47RC (21 Chl͞RC) and PSII membranes (200-250 Chl͞RC). This gives a normalized value of k 2 ͞Chl ϭ 2.6 ϫ 10 Ϫ5 ͞s, which is indistinguishable from the value of k 2 ͞Chl ϭ 2.3-2.9 ϫ 10 Ϫ5 ͞s reported previously for PSII membranes (23) . The dependence of photoactivation on the interpulse dark period was investigated. Fig. 5 shows that by increasing the dark time between flashes in the CP47RC dimers, the maximum O 2 yield increases and reaches a maximum near a 5-s dark period, whereas both longer (7-s) and shorter (3-s) periods lead to substantially smaller O 2 yields. The 5-s optimum dark period contrasts with the 3-s optimum for apo-WOC-PSII membranes, indicating either a slower dark step(s) or faster deactivation of the light-induced intermediates during or after the rate-limiting step in assembly. Using a t dark of 5 s, the maximal oxygen yield of the CP47RC dimers was increased further by a factor of 2.1 in comparison with a 3-s dark time, so that under the best conditions we observed (i.e., 5-s dark interval and using DCBQ as an additional electron acceptor and ferricyanide) that the oxygen yield͞RC reached about 18% of that of PSII membranes. We anticipate that more thorough examination of these parameters could increase the yield even further. Fig. 5 also illustrates the sensitive balance between photoactivation and photoinhibition. The relative yield of O 2 produced by a single flash at the end of two consecutive illumination cycles (400 flashes each) applied to a fully photoactivated sample was found to decrease when using dark intervals between flashes shorter than 5 s. A 10% loss because of photoinhibition was found after the third of three such cycles. When the flash intensity was increased five times, complete photoinhibition Fig. 2 . The t lag and maximal oxygen evolution were determined as in Fig. 3 . Bars ϭ mean values Ϯ SD of at least three independent measurements carried out by using two different sample preparations. The t lag data for PSII membranes were fitted to two first-order processes in Mn 2ϩ concentration (tlag ϭ ai[Mn͞RC] ϩ bi; i ϭ 1, 2; lines I and II). The dashed line equals I-II. occurred with CP47RC dimers. No such photoinhibition was observed under similar conditions with reactivated apo-WOC-PSII membranes (data not shown). Thus, reactivated CP47RCs are intrinsically more susceptible to photoinhibition of O 2 evolution than are reactivated PSII membranes.
An estimate of the quantum efficiency of photoactivated CP47RC complexes for water oxidation is given by the data in Fig. 6 , which compares fully photoactivated PSII membranes and CP47RC dimers in a plot of normalized oxygen yield vs. flash length. Each data set was normalized by division by a constant equal to the maximal oxygen yield of the samples in saturating continuous light of 800 mW͞cm 2 . In the plot, the relative yields depict the activity of only photoactivated centers and, therefore, are independent of the amount of nonactivatable centers. The slopes reflect the relative quantum efficiencies of the activated centers. Because the absorption cross-section of CP47RC dimer is much smaller than that of PSII membranes because of their smaller antenna size, we normalized further by using Chl͞RC stoichiometries of 250 for PSII membranes and 21 for CP47RC dimers. The slopes of these curves then were calculated by using linear regression analysis. The slopes indicate that the photoactivated WOC clusters in the CP47RC dimers are about 96% as efficient as those in the PSII membranes under nonsaturating light conditions.
To get further information about the minimal unit needed for photoactivation, CP47RC monomers also were tested. Despite the lack of quinone in the CP47RC monomers (30) , reactivation of oxygen evolution also was achieved by using ferricyanide as an acceptor, although more problems with photoinhibition were encountered. Photoactivation of CP47RC monomers was obtained by using 4 M Mn 2ϩ and 8 mM Ca 2ϩ per M RC, a t dark of 5 s, and shorter f lash lengths during the first illumination cycle compared with the light regime used for dimers (5-105 ms with 0.25-ms steps during the first 400 f lashes). Little attempt was made to find the optimal conditions for photoactivation of monomers. However, by activating the monomers using the conditions above, a maximal oxygen evolution yield of 40% of the dimers could be reached, measured under the same conditions.
Conclusions
We have shown that it is possible to reconstitute the Mn 4 Ca 1 Cl x cluster into the isolated CP47RC subcore complex and restore oxygen evolution. Before these observations, there have been no reports to suggest that a subcomplex of PSII depleted of CP43 could carry out the water oxidation reaction. To date, it has been believed that the minimal unit for the water oxidase activity of PSII is the core complex composed of the D1 and D2 reaction center proteins, CP47 and CP43 inner antenna proteins, and a number of low-molecular-weight proteins including the ␣-and ␤-subunits of cytochrome b 559 (26) . The dimeric form of CP47RC was found to be more amenable to photoactivation of the Mn cluster although the CP47RC monomer also showed some capacity to catalyze water oxidation by using similar reconstitution procedures. In the case of the dimer, the presence of bound plastoquinone in the subcomplex (30) helps to reduce the frequency of recombination reactions (31) , which, in turn, not only aids electron donation to the added ferricyanide acceptor, but also lowers the yield of P680 triplet formation. This triplet is not quenched by the ␤-carotene in the RC but, instead, interacts with oxygen to form singlet oxygen (34) . The formation of singlet oxygen and possibly other processes resulting from inefficient electron supply on the donor side may render the PSII RC highly sensitive to photoinduced damage. Thus, the success of the reconstitution experiments with the CP47RC subcomplexes is a balance between the reactivation process and the detrimental effects of photoinduced damage. Also to be taken into consideration is that we used Tris washing at pH 9.0 to remove the extrinsic proteins during the isolation procedure. This treatment was shown earlier to decrease the ability of PSII-enriched membranes or cores to restore a fully functional oxygen-evolving complex (26) . Nevertheless, with the best conditions that we found (with DCBQ and ferricyanide present, t dark of 5 s and use of short, red wavelength light pulses at early stages of assembly), we obtained an overall O 2 yield that was about 18% of that observed with reactivated, PSII-enriched membranes using the same light intensity. This level of oxygen evolution 6 . Initial slopes of the oxygen yield vs. light-dose curves for PSII-enriched membranes (ᮀ) and CP47RC dimers (F). Experiments were carried out as in Fig.  2 , except that for the CP47RC dimers, a t dark of 5 s was used. Samples were photoactivated in a first cycle of illumination, and the values plotted reflect the oxygen evolution yields during a second cycle. To account for the fact that only part of the CP47RC dimers could be photoactivated, the values were normalized to the maximal oxygen yield of the samples measured in continuous light. Because of the differences in absorption cross-sections, the data were standardized further to identical antenna size. Inset gives the values for the slopes calculated by linear regression.
recorded is sufficiently high to dismiss the possibility of contamination by core complexes containing CP43, because the level of this protein was 0.3% in dimers and undetectable in CP47RC monomers.
The Mn 2ϩ requirement for stimulation of the first step of photoactivation and the total Mn 2ϩ stoichiometry (4 Mn 2ϩ ͞RC) appear to be approximately the same for PSII membranes and CP47RC dimers (Fig. 4) . The affinity for Ca 2ϩ during photoactivation is about 10 times lower in CP47RC dimers compared with PSII membranes as determined by the K M . However, the rate constant for the slowest step in photoactivation, when normalized for the different light absorption probabilities (k 2 ͞ Chl), is found to be indistinguishable from the apo-WOC-PSII membranes. Thus, the CP47RC dimers appear to be a fully native-like unit from the point of early photoactivation steps. The relative quantum efficiency for O 2 production by activated CP47RC subcores was calculated to be 96% of that observed with the more native-like PSII membranes (Fig. 6 ) after optimization of the various parameters and under subsaturating light intensities and longer dark interval between flashes. Thus, from the point of view of both O 2 evolution yield and photoactivation kinetics, the CP47RC complex behaves very much like a PSII membrane with smaller absorption cross-section and lower affinity for calcium. The main differences between these complexes are the greatly increased susceptibility to photoinhibition (Fig. 5) , slower dark assembly step(s) after the rate-limiting k 2 step (Fig. 5) , and the unusual oscillation in O 2 yield with Mn 2ϩ concentration (Fig. 4) .
From our results we conclude that CP43 is not required for the water oxidase activity of PSII, although mutational studies have demonstrated its involvement in normal PSII assembly and function in vivo (38) (39) (40) . In particular, deletion of the gene encoding CP43 resulted in the assembly of a low level of a CP47RC complex unable to evolve oxygen but showing lightdriven electron transfer from Y Z to Q A (29) . In contrast, the deletion of the genes encoding CP47, D1, or D2 proteins resulted in no PSII assembly (1, 38) . These findings, therefore, emphasized that CP43 is less critical for PSII, and our results now extend this conclusion to the assembly of the Mn 4 cluster and the water-splitting reaction. Thus, it can be concluded that the minimal unit for catalyzing water splitting is not the PSII core complex containing CP43 as previously thought, but a smaller unit. Here we have demonstrated that the CP47RC complex is one such minimal unit. Whether the Mn cluster can be reconstituted and activated in a complex devoid of CP47 awaits further investigations.
